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Refinement of mammalian neural circuits involves
substantial experience-dependent synapse elimina-
tion. Using in vivo two-photon imaging, we found
that experience-dependent elimination of postsyn-
aptic dendritic spines in the cortex was accelerated
in ephrin-A2 knockout (KO) mice, resulting in fewer
adolescent spines integrated into adult circuits.
Such increased spine removal in ephrin-A2 KOs
depended on activation of glutamate receptors, as
blockade of the N-methyl-D-aspartate (NMDA)
receptors eliminated the difference in spine loss
between wild-type and KO mice. We also showed
that ephrin-A2 in the cortex colocalized with glial
glutamate transporters, which were significantly
downregulated in ephrin-A2 KOs. Consistently, glial
glutamate transport was reduced in ephrin-A2 KOs,
resulting in an accumulation of synaptic glutamate.
Finally, inhibition of glial glutamate uptake promoted
spine elimination in wild-type mice, resembling the
phenotype of ephrin-A2 KOs. Together, our results
suggest that ephrin-A2 regulates experience-depen-
dent, NMDA receptor-mediated synaptic pruning
through glial glutamate transport during maturation
of the mouse cortex.
INTRODUCTION
Postnatal experience-dependent synapse elimination is crucial
for the establishment of properly connected neuronal circuits
in themature brain. Synapse elimination prunes the supernumer-
ary imprecise connections formed during the initial overproduc-
tion of synapses, while strengthening functionally important
connections (Changeux and Danchin, 1976; Hubel et al., 1977;
Katz and Shatz, 1996; Lichtman and Colman, 2000). Themajority
of excitatory glutamatergic synapses in the mammalian brain
reside at dendritic spines, which contain all necessary postsyn-
aptic signalingmachinery and serve as a good proxy for synaptic
connectivity (Nimchinsky et al., 2002; Segal, 2005; Tada and64 Neuron 80, 64–71, October 2, 2013 ª2013 Elsevier Inc.Sheng, 2006; Yuste and Bonhoeffer, 2001). Recent in vivo two-
photon imaging studies have shown that dendritic spines of
cortical pyramidal neurons across various cortical regions
undergo rapid elimination during adolescent development. In
the adult brain, spine elimination continues at a much lower
rate, and spines surviving the pruning process build the founda-
tion of the mature circuits (Holtmaat et al., 2005; Yang et al.,
2009; Zuo et al., 2005a, 2005b). Although experience- or activ-
ity-dependent plasticity is believed to drive the extensive and
prolonged synaptic pruning, themolecular mechanisms underly-
ing this process remain largely unknown.
Ephrins and their Eph receptors are attractive candidates for
modulating structural plasticity of synapses, because of their
synaptic expression and ability to coordinate contact-mediated
bidirectional signaling in ligand- and receptor-containing cells
(Aoto and Chen, 2007; Klein, 2009; Lai and Ip, 2009; Murai and
Pasquale, 2004). Based on their cell membrane attachment
and binding preference to Eph receptors, ephrins are classified
into two groups: (1) GPI-linked ephrin-As that preferentially
interact with EphA receptors and (2) transmembrane ephrin-Bs
that preferentially bind to EphB receptors. While it is generally
believed that ephrin-Bs and EphB receptors act through transsy-
naptic interactions to modulate synapse development and plas-
ticity, ephrin-As and EphA receptors have been shown to
mediate astrocyte-neuron interactions at mature hippocampal
synapses. In particular, ephrin-A3 ligands are expressed in
astrocytic processes, and EphA4 receptors are localized to
postsynaptic spines of CA1 pyramidal neurons (Murai et al.,
2003). In cultured hippocampal slices, while activation of
EphA4 receptors by ephrin-A3 ligands induces spine retraction,
disruption of this interaction leads to elongation of spine length
(Murai et al., 2003). However, the roles of ephrin-As in experi-
ence-dependent synaptic pruning remain unknown.
In this study, we show that elimination of dendritic spines from
cortical pyramidal neurons is greatly enhanced in ephrin-A2, but
not ephrin-A3, knockout (KO) mice during adolescent develop-
ment, through an experience-dependent, NMDA receptor-medi-
ated mechanism. The imbalance between spine formation and
elimination leads to an accelerated reduction in the number of
total spines in adult mice. We also find that glial glutamate trans-
porters (GLAST and GLT-1) are closely associated with ephrin-
A2 proteins. The expression of glial glutamate transporters is
downregulated in ephrin-A2 KOs, resulting in decreased glial
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Figure 1. Dendritic Spine Elimination, but Not Formation, Is Significantly Increased in 1-Month-Old Ephrin-A2 KOs
(A–D) Repeated imaging of the same dendritic branches over 2-day intervals in themotor cortex reveals spine elimination (arrows) and formation (arrowheads), as
well as filopodia (stars), in wild-type (A), ephrin-A2 KO (B), ephrin-A3 KO (C), and ephrin-A2/A3 KO (D) mice. Scale bar represents 2 mm.
(E) Percentages of spines eliminated and formed over 2 days in the motor cortex of wild-type and KO mice.
(F) Percentages of spines that survived over 2, 4, 8, 30, and 90 days in wild-type and ephrin-A2 KO mice. Data were fitted by two-phase exponential decay
equations.
(G) Spine density of layer V neuron apical dendrites in wild-type and ephrin-A2 KO mice in adolescence and adulthood.
(H) Survival percentages of new and pre-existing spines over 4 days in wild-type and ephrin-A2 KO mice.
Data are presented as mean ± SD. *p < 0.05, ***p < 0.001. See also Figures S1 and S2.
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Ephrin-A2 Affects Synapse Elimination In Vivoglutamate uptake and increased synaptic glutamate level.
Finally, pharmacological inhibition of glial glutamate uptake pro-
motes spine elimination in the cortex of wild-type mice.
RESULTS
Ephrin-A2 KO Mice Have Elevated Spine Elimination in
the Cortex during Adolescent Development
To investigate whether and how ephrin-As affect synapse devel-
opment, we crossed ephrin-A2 or ephrin-A3 single and double
KO mice with YFP-H line mice, which express cytoplasmic
yellow fluorescent protein (YFP) predominantly in a subpopula-
tion of layer V cortical neurons (Feng et al., 2000). We did not
find any difference in cortical organizations or spine density
along apical dendrites in layer V neurons between ephrin-A2/
A3 KO and wild-type mice at 1 month of age (Figure S1 available
online). To determine whether spine dynamics were affected in
ephrin-A KOs, we repeatedly imaged apical dendritic branches
and followed spine dynamics in the motor cortex by transcranial
two-photonmicroscopy.We found that, while the amount of new
spines added over 2 days was comparable between ephrin-A2
KOs and their wild-type littermates, significantly more spines
were eliminated during the same period of time in KOs (Figures
1A, 1B, and 1E; p < 0.001). Unlike ephrin-A2 KOs, ephrin-A3KOs exhibited similar spine turnover to wild-type controls (Fig-
ures 1C and 1E; p > 0.1). In addition, spine elimination in
ephrin-A2/A3 double KOs was comparable to that of ephrin-A2
single KOs (Figures 1D and 1E; p > 0.7). Moreover, we found
that the increase in spine elimination occurred in various cortical
regions of ephrin-A2 KOs (Figure S2) and persisted over pro-
longed imaging intervals (Figure 1F). As a consequence, despite
the normal spine density at 1month of age (p > 0.2), spine density
of adult ephrin-A2 KOs was lower than that of wild-type mice
(Figure 1G; p < 0.05). Thus, developmentally regulated spine
pruning is accelerated in ephrin-A2 KOs.
Fewer Adolescent Spines Are Incorporated into the
Adult Neural Circuits in Ephrin-A2 KO Mice
Spines formed during early development and surviving extensive
pruning have greatly contributed to stably connected neural
networks in adulthood (Yang et al., 2009; Zuo et al., 2005a). To
investigate how accelerated spine elimination during adolescent
development influences adult synaptic connections in ephrin-A2
KOs, we calculated the lifetime of dendritic spines in both wild-
type and ephrin-A2 KO mice, based on spine elimination
measured over various imaging intervals (i.e., 2, 4, 8, 30, and
90 days), starting at 1 month of age (Figure 1F). We found that
the spine survival curve of wild-type mice was well fitted by aNeuron 80, 64–71, October 2, 2013 ª2013 Elsevier Inc. 65
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Figure 2. Sensory Experience Is Necessary for Elevated Spine Elimination in Ephrin-A2 KOs
(A–F) Repeated imaging of the same dendritic branches over 4 days in the barrel cortex of wild-type and ephrin-A2 KO mice under control (A and B), deprived
(C and D), and sensory-enriched (E and F) conditions. Scale bar represents 2 mm.
(G) Percentages of spines eliminated over 4 days in the barrel cortex (BC) under different conditions.
Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.
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Ephrin-A2 Affects Synapse Elimination In Vivotwo-phase exponential decay equation (R2 = 0.92, see Experi-
mental Procedures), with a small portion of spines rapidly lost
(‘‘fast-decay spines,’’ 15%, half-life 3.0 days) and the rest stable
over months (‘‘slow-decay spines,’’ half-life 1,112 days). Fitting
the spine survival curve of ephrin-A2 KOs with the same formula
(R2 = 0.90), we found that while the half-life of the fast-decay
spine population in KOs was comparable to that of wild-type
mice (2.3 days, p > 0.4), the half-life of the slow-decay spine pop-
ulation was significantly shorter in KOs (432 days, p < 0.01). As
previous studies have revealed that newly formed spines are
much more vulnerable to elimination than pre-existing spines
(Xu et al., 2009; Yang et al., 2009), the fast- and slow-decay
spines could represent new and pre-existing spines, respec-
tively. To determine whether the survival of new and pre-existing
spines was, indeed, affected differently in ephrin-A2 KOs, we
imaged the same mice three times (i.e., day 0, 1, and 5), identi-
fied new spines and pre-existing spines based on their appear-
ance in the first two images, and quantified their survival rates
using the last images. Indeed, while the survival rate of new
spines was comparable between ephrin-A2 KO and wild-type
mice (p > 0.5), the survival rate of pre-existing spines was signif-
icantly lower in ephrin-A2 KOs (Figure 1H; p < 0.05). Such results
agree with the lifetime analysis, suggesting a selective but long-
lasting effect of ephrin-A2 on the removal of stable spines.
Sensory Experience Is Required for Elevated Spine
Elimination in theBarrel Cortex of AdolescentEphrin-A2
KO Mice
Experience drives synapse elimination during postnatal develop-
ment. We found that deprivation of sensory experience by66 Neuron 80, 64–71, October 2, 2013 ª2013 Elsevier Inc.unilateral whisker trimming at 1 month of age significantly
reduced spine elimination in the contralateral barrel cortex of
both wild-type and ephrin-A2 KO mice (Figures 2A–2D and 2G;
p < 0.005). In contrast, spine formation was unaffected by
whisker trimming over the same period (Figure S3). Furthermore,
there was no difference in spine elimination between deprived
wild-type and deprived KO mice (p > 0.2), suggesting that sen-
sory experience is necessary for elevated spine elimination in
ephrin-A2 KOs.
In contrast to sensory deprivation, different environmental
enrichment (EE) protocols have been shown to promote both
spine elimination and spine formation in various cortical areas
of living mice (Fu et al., 2012; Yang et al., 2009). Using a sensory
EE paradigm, we found that spine elimination in the barrel, but
not the motor, cortex of both wild-type and KO mice was
robustly increased, and significantly more spines were removed
in KOs compared with wild-type mice under sensory EE (Figures
2E–2G and S3; p < 0.005). In addition, sensory EE promoted
spine formation to comparable high levels in wild-type and KO
mice (Figure S3). Together, these results indicate that lack of
ephrin-A2 selectively affects experience-dependent spine loss
but not experience-dependent spine growth.
NMDA Receptors Mediate Elevated Spine Elimination in
Ephrin-A2 KO Mice
Many lines of evidence have shown that NMDA receptor activa-
tion is essential for synaptic plasticity in various systems (Bock
and Braun, 1999; Nicoll and Malenka, 1999; Sawtell et al.,
2003; Sin et al., 2002). We found that, in the barrel cortex,
blockade of NMDA receptors affected spine elimination in a
AB
D E
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
Ephrin-A3 Ephrin-A2
D
en
si
ty
 (p
un
ct
a/
µm
 )3
C
*
Ephrin-A3
Ephrin-A2
Ephrin-A2 PSD95
GLAST SV2
GLT-1 Synapsin
Ephrin-A2
PSD95
GLT-1
SV2
F
Presynaptic PostsynapticAstrocytic
0.00
0.05
0.10
0.15
E
ph
rin
-A
2 
pu
nc
ta
 n
um
be
r
(4) (4)
Figure 3. Ephrin-A2 Colocalizes with Astrocytic Glutamate Trans-
porters in the Mouse Cortex
(A and B) Representative image volumes of ephrin-A2 and ephrin-A3
immunofluorescence staining in superficial layer I of 1-month-old mouse
cortex. Each image is a maxium projection of five serial sections. Scale bar
represents 10 mm. Data are presented as mean ± SEM. *p < 0.05.
(C) Quantification of puncta density shows that ephrin-A2 is approximately
three times enriched, compared to ephrin-A3 in the cortex.
(D) Maximum projection of 36 serial sections of ephrin-A2 immunofluores-
cence (red) with protein markers of presynaptic SV2 (orange), postsynaptic
PSD95 (white), astrocytic GLT-1 (magenta), and dendritic segment labeled
with YFP (green). Scale bar represents 1 mm.
(E) Images of a spine from the boxed region in (D) at higher magnification with
various protein markers. Scale bar represents 500 nm.
(F) Average numbers of ephrin-A2 puncta within 100 nm from the centers of
different neuronal and astrocytic constituents.
See also Figure S4.
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Ephrin-A2 Affects Synapse Elimination In Vivofashion similar to that of sensory deprivation. Four-day treatment
with MK801, a selective antagonist of NMDA receptors, signifi-
cantly decreased spine elimination in both wild-type and
ephrin-A2 KO mice (Figure 2G; p < 0.05), without affecting spine
formation (Figure S3). MK801 treatment also eliminated the
differences in spine loss between wild-type and KO mice
(p > 0.7), suggesting that elevated spine elimination in ephrin-
A2 KOs is mediated by NMDA receptors.
Ephrin-A2 Colocalizes with Glial Glutamate
Transporters in the Mouse Cortex
The expression of both ephrin-A2 and ephrin-A3 mRNAs in
embryonic and adult mouse cortices is well documented (Cang
et al., 2005; Murai et al., 2003; Torii et al., 2009). A transcriptome
database has reported cell-type-specific expression profiles of
ephrin-A2 and ephrin-A3 in the mouse forebrain: while ephrin-
A2 mRNAs are enriched in astrocytes, ephrin-A3 mRNAs are
enriched in neurons (Cahoy et al., 2008). However, little is known
about the cortical expression of their protein products. To
address this question, we took advantage of array tomography
(AT), a proteomic imagingmethod that offers the ability to resolve
individual synapses and analyze their protein profiles at ultra-
structural level (Micheva et al., 2010; Micheva and Smith,
2007). As illustrated in Figures 3A and 3B, individual ephrin-A2
and ephrin-A3 puncta were clearly resolved using AT from
cortical sections of adolescent wild-type mice, but not ephrin-
A2/A3 KOs (Figure S4). The densities of ephrin-A2 and ephrin-
A3 punctawere relatively consistent throughout all cortical layers
(Figure S4). Subsequent quantitative analyses further revealed
that the density of ephrin-A2 puncta was approximately three
times the density of ephrin-A3 puncta in the superficial cortical
layers (Figure 3C).
To further investigate the subcellular localizations of ephrin-As
near cortical synapses, we colabeled ephrin-A2 and ephrin-A3
proteins with different synaptic (presynaptic: bassoon, synapsin,
VGluT1, and SV2; postsynaptic: PSD95) and astrocytic (GLAST,
GLT-1, and GS) markers (Figures 3D and 3E) and then analyzed
the spatial distribution of ephrin-As around different protein con-
stituents in three dimensions at excitatory synapses. Our ana-
lyses revealed that the numbers of ephrin-A2 puncta within
100 nm from the centers of astrocytic proteins, especially GLAST
and GLT-1, were higher than those around neuronal synaptic
markers (Figure 3F), whereas ephrin-A3 puncta were more
aligned to presynaptic markers (Figure S4). Membrane-bound
glial glutamate transporters, GLAST and GLT-1, are enriched in
perisynaptic astrocytic processes and associated tightly with
excitatory synapses (Chaudhry et al., 1995). Thus, in agreement
with the transcriptome data, our results show that while ephrin-
A3 is predominantly presynaptic, ephrin-A2 localizes predomi-
nantly to astrocytic processes near synapses.
Glial Glutamate Transporters Are Downregulated
in Ephrin-A2 KO Mice
Having shown that ephrin-A2 colocalized with glial glutamate
transporters, we next examined whether cortical expression of
glial glutamate transporters was altered in ephrin-A2 KOs. While
the density, size, and morphology of cortical astrocytes were
indistinguishable between wild-type and ephrin-A2 KO miceNeuron 80, 64–71, October 2, 2013 ª2013 Elsevier Inc. 67
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Figure 4. Glial Glutamate Transporters Are Downregulated in Ephrin-A2 KOs
(A and B) Western blot examples (A) and quantification (B) reveal a downregulation of glial glutamate transporters in the cortex of KO mice.
(C) Normalized glutamate uptake efficiencies in cortical slices of 1-month-old wild-type and KO mice, with and without glial glutamate transporter inhibitors
(DHK and TFB-TBOA).
(D) L-APV inhibition of eEPSCs is significantly reduced in KO cortical slices compared with wild-type slices.
(E) Percentages of spines eliminated over 4 days in wild-type mice with and without DHK treatment.
Data are presented as mean ± SEM. *p < 0.05, **p < 0.01. See also Figure S5.
Neuron
Ephrin-A2 Affects Synapse Elimination In Vivo(Figure S5), cortical expression levels of GLAST and GLT-1 were
significantly decreased compared with wild-type controls (Fig-
ures 4A, 4B, and S5). Specifically, there was about 25% reduc-
tion of GLAST (p < 0.05) and about 40% reduction of GLT-1
(p < 0.05) in ephrin-A2 KOs. In contrast, the expression of GS,
another astrocytic enzyme involved in glutamate recycling (Hertz
and Zielke, 2004), remained unaltered in ephrin-A2 KOs (Figures
4A and 4B; p > 0.4). Further analysis of mRNA expression of
GLAST and GLT-1 revealed a comparable level between wild-
type and ephrin-A2 KO mice (Figure S5), suggesting that down-
regulation of GLAST and GLT-1 occurs at the posttranscriptional
level in ephrin-A2 KOs. Moreover, a decreasing trend in the
expression of glial glutamate transporters was found in the
contralateral barrel cortex following whisker trimming in both
wild-type and KO mice (Figure S5), indicating an experience-
dependent modulation of glial glutamate uptake.
Glial Glutamate Transport Is Reduced and Synaptic
Glutamate Level Is Elevated in Ephrin-A2 KO Mice
Membrane-bound glial glutamate transporters uptake glutamate
from the synaptic cleft to regulate synaptic transmission (Tzin-
gounis and Wadiche, 2007). We next investigated whether
glutamate transport was affected in ephrin-A2 KO mice,
using radioactive tracer L-[3H]-glutamate on cortical slices of
1-month-old mice. We found that the efficiency of glutamate
uptake was reduced by about 17% in ephrin-A2 KOs compared
with wild-type mice (Figure 4C; p < 0.05). Moreover, in the pres-68 Neuron 80, 64–71, October 2, 2013 ª2013 Elsevier Inc.ence of high-affinity blocker of glial glutamate transporters,
(3S)-3-[[3-[[4-(trifluoromethyl)benzoyl]amino]phenyl]methoxy]-L-
aspartic acid (TFB-TBOA), glutamate uptake was decreased to
comparable low levels in wild-type and KO cortical slices (Fig-
ure 4C), suggesting that reduced glutamate uptake is mostly
due to decreased functions of glial glutamate transporters in
ephrin-A2 KOs. In addition, we found that dihydrokainate
(DHK), a selective GLT-1 inhibitor, reduced glutamate uptake
by 17.6% ± 2.4% in wild-type slices and 10.1% ± 4.4% in KO
slices (Figure 4C). This result corresponded to approximately
50% less DHK-sensitive uptake in KO slices.
Reduction in glial glutamate transporters has been previously
demonstrated to result in an accumulation of extracellular gluta-
mate both in vivo and in vitro (Rothstein et al., 1996). To assess
synaptic glutamate concentrations, we performed whole-cell
patch-clamp recordings from layer V pyramidal neurons in
cortical slices of 1-month-old mice and tested the sensitivity of
the evoked excitatory postsynaptic currents (eEPSCs) to L-2-
amino-5 phosphonovalerate (L-APV), a low-affinity NMDA
receptor antagonist with a fast off rate. The degree of inhibition
by L-APV inversely correlates with synaptic glutamate level
(e.g., less inhibition by L-APV indicates higher synaptic
glutamate concentration) (Choi et al., 2000). We found that
the eEPSCs from KO slices were much less sensitive to
L-APV (reduced by 31.9% ± 7.1%) than those recorded from
wild-type slices (reduced by 58.7% ± 6.3%) (Figure 4D; p <
0.05), indicative of an elevated synaptic glutamate level in KO
Neuron
Ephrin-A2 Affects Synapse Elimination In Vivomice, possibly caused by reduced glial glutamate transport into
astrocytes.
Reduction in Glial Glutamate Transport Promotes Spine
Elimination
To further investigate the correlation between reduced glial
glutamate transport and promoted spine removal in vivo, we
treated wild-type mice with DHK, which is permeable to the
blood-brain barrier, and followed spine turnover. We found that
spine elimination, but not formation, was significantly increased
in 1-month-old wild-type mice treated with DHK for 4 days (Fig-
ure 4E), a phenotype that resembles the elevated spine loss in
ephrin-A2 KOs. This result suggests that normal glial uptake of
glutamate is necessary for maintaining the stability of dendritic
spines in the adolescent mouse cortex.
DISCUSSION
During early development, generation of excessive synapses oc-
curs in a constitutive, genetically programmed manner. This
initial overproduction of synapses is followed by an experi-
ence-dependent pruning process that reduces synaptic connec-
tions considerably and leads to maturation of refined neural
circuits. While experience is generally believed to be crucial for
synapse elimination at this stage, little is known about its under-
lying molecular mechanisms. In this study, we identify ephrin-A2
as a participant in experience-dependent pruning of cortical
synapses. Deficiency of ephrin-A2 selectively promotes experi-
ence-induced removal of existing spines, without affecting spine
formation or initial stabilization. We further show that ephrin-A2
colocalizes with glial glutamate transporters and regulates
synaptic glutamate transmission, suggesting a potential contri-
bution of astrocytes to synaptic pruning during adolescent
development.
To date, little is known about the downstream mechanisms of
ephrin-A2 regulation of glial glutamate transporters. Ephrin-A2
may be involved in stabilizing glial glutamate transporters at cell
membrane by preventing internalization and subsequent degra-
dation. The fact that ephrin-As only contain a GPI-linked domain
to anchor them to the membrane makes them depend on other
proteins to transduce intracellular signals. Src family protein
kinases have been identified as important signaling intermediates
downstream of ephrin-As (Davy et al., 1999; Huai and Drescher,
2001; Zimmer et al., 2007). Furthermore, it has been demon-
strated that Src kinases participate in regulating expression and
maintaining functions of glial glutamate transporters (Koeberle
and Ba¨hr, 2008; Rose et al., 2009). The colocalization of ephrin-
A2 and glial glutamate transporters also suggests a potential
functional crosstalk between ephrin-A2 and glial glutamate trans-
porters that relies on their physical proximity. However, how
ephrin-A2 modulates glial glutamate transporters at perisynaptic
astrocytic processes needs to be further investigated.
Glutamate transmission and activation of NMDA receptors are
involved in both activity-dependent competition and homeo-
static regulations—two fundamental mechanisms underlying
synaptic plasticity. A critical task of astrocytes in the brain is to
remove excess glutamate from the synaptic cleft, thereby
ensuring precise synaptic transmission and preventing overacti-vation of postsynaptic glutamate receptors (Tzingounis and
Wadiche, 2007). Thus, reduced glial glutamate uptake in
ephrin-A2 KOs presumably prolongs the effect of synaptic gluta-
mate on postsynaptic NMDA receptors. Enhanced glutamate
signaling at active synapses would subsequently augment the
imbalance between activate and inactivate synapses, promoting
competition-dependent spine elimination via a Hebbian mecha-
nism. Alternatively, a global overactivation of postsynaptic gluta-
mate receptors could trigger homeostatic regulation and lead to
a reduction in total synapse number. It is also possible that a
combination of these mechanisms contributes to increased
spine loss in ephrin-A2 KOs.
Previous studies have shown that ephrin-A3 is the most
abundant ephrin-A ligand in the adult hippocampus and is
involved in the morphogenesis of dendritic spines on CA1 pyra-
midal neurons (Carmona et al., 2009;Murai et al., 2003). Here, we
show that ephrin-A2 is more predominant than ephrin-A3 in the
cortex and that lack of ephrin-A2, but not ephrin-A3, results in
accelerated experience-dependent spine pruning in the adoles-
cent cortex. Moreover, while glial glutamate transporters are
upregulated in the hippocampus of ephrin-A3 KOs (Carmona
et al., 2009; Filosa et al., 2009), they are significantly downregu-
lated in the cortex of ephrin-A2 KOs. Therefore, despite the fact
that multiple ephrin-As are functionally redundant in topographic
map formation and cortical column integration during early
development (Cang et al., 2005; Cutforth et al., 2003; Feldheim
et al., 2000; Pfeiffenberger et al., 2005; Torii et al., 2009), our find-
ings suggest that different ephrin-As may regulate synapse
morphology and dynamics through distinctive cellular signaling,
providing a potential mechanism for achieving the specificity and
complexity of mature neuronal networks.
EXPERIMENTAL PROCEDURES
Animals
Thy1-YFP-H line mice (Feng et al., 2000) were purchased from Jackson
Laboratory. Ephrin-A2 and ephrin-A3 KOmice (Cutforth et al., 2003; Feldheim
et al., 2000) were obtained from Dr. David A. Feldheim at UCSC. Wild-type
littermates were used as controls and no difference in all analyses was
observed between wild-type and heterozygous mice. Sensory deprivation
was performed by cutting the mystacial vibrissae of the one side whisker
pad to skin level. Sensory enrichment was conducted by housing mice in a
standard cage with about 180 strings of beads hanging from the top of the
cage, with the string locations changed daily. MK801 (0.25 mg/g body weight)
and DHK (10 mg/g body weight) were intraperitoneally injected. Mice were
housed and bred in UCSC animal facilities according to approved animal
protocol.
In Vivo Transcranial Imaging and Data Quantification
The surgical procedure for transcranial two-photon imaging and data quanti-
fication have been described previously (Xu et al., 2009). Percentages of
eliminated and formed spines were normalized to total spines counted in the
initial image. Spine density was calculated by dividing the number of spines
by the length of the dendritic segment. For the spine lifetime analysis, data
were fitted with a two-exponential-decay equation using GraphPad Prism:
percentage of survival spine = p1 3 (1/2)
t/t1 + p2 3 (1/2)
t/t2 (p1 and p2: pro-
portion of fast- and slow-decay spines, p1 + p2 = 100%; t1 and t2: half-life
of fast- and slow-decay spines).
Array Tomography and Data Quantification
Array tomography experiments were performed as previously described
(Micheva and Smith, 2007). Briefly, the mouse brain was dissected, fixed,Neuron 80, 64–71, October 2, 2013 ª2013 Elsevier Inc. 69
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sections were obtained and then probed consecutively with the following pri-
mary antibodies: mouse anti-bassoon (1:100; Abcam), mouse anti-SV2 (1:100;
DSHB), rabbit anti-synapsin (1:100; Cell Signaling Technology), guinea pig
anti-VGluT1 (1:100; Millipore), rabbit anti-PSD95 (1:100; Cell Signaling
Technology), mouse-anti-NR1 (1:100; Millipore), mouse anti-GluR2 (1:100;
Millipore), rabbit anti-GLAST (1:100), rabbit anti-GLT-1 (1:100), mouse
anti-GS (1:100; BD Biosciences), rabbit anti-ephrin-A2 (1:100; Santa Cruz
Biotechnology), and goat anti-ephrin-A3 (1:100; Invitrogen). All images were
obtained using a Zeiss Axio Imager.Z1 Upright Fluorescence Microscope
with motorized stage and Axiocam HR Digital Camera. Image data from
sequential sections were computationally aligned, registered, and unwarped.
The density of ephrin-As punctawas calculated by dividing puncta numbers by
the imaged volume subtracted by the volume of the nuclei. For colocalization
analysis, the center of each protein punctum was identified and excitatory
synapses were defined using PSD95, SV2, and VGluT1 puncta. Relative dis-
tances of ephrin-As centers to other neuronal and astrocytic protein centers
within 1 mm from the centers of defined synapses were measured in three
dimensions. The numbers of ephrin-As puncta within 100 nm from different
protein centers were counted and normalized by total numbers of each protein
centers.
Western Blots and Data Quantification
Cortical tissues were dissected and homogenized in ice-cold buffer solution.
Denatured lysates were electrophoretically separated by 10% SDS-PAGE
and transferred onto nitrocellulose membrane. This was then probed with pri-
mary antibodies against GLAST, GLT-1, GS, actin, and tubulin. Western blots
were quantified using ImageJ software. Detailed procedures are provided in
Supplemental Experimental Procedures.
Glutamate Uptake Assay
Mice (P28–P30) were decapitated and cortical slices (400 mm thick) were
prepared in cold artificial cerebrospinal fluid (ACSF) and maintained at room
temperature for 1.5–2 hr before stimulation. Cortical slices were incubated
for 7 min in ACSF containing 0.5 mCi L-[3H]-glutamate and 100 mM unlabeled
glutamate and then rinsed with cold ACSF and homogenized in 1% Triton
buffer. The radioactivity of 25 ml lysates was measured and glutamate uptake
was normalized to protein concentration. To inhibit glial glutamate transporter-
mediated uptake, we incubated cortical slices with 300 mM TFB-TBOA or
500 mM DHK for 30 min prior to uptake measurement.
Cortical Slice Electrophysiology
Coronal slices of the somatosensory cortex were prepared from mice
(P28–P30) in ice-cold cutting solution and incubated in ACSF for 30 min
at 32C and 1 hr at room temperature before recording. Whole-cell
recordings were made from layer V pyramidal neurons. Synaptic currents
were evoked at 0.05 Hz using a concentric bipolar stimulating electrode
placed in layer II/III of the same whisker-barrel column. To isolate NMDA
receptor currents, we voltage clamped cells at 70 mV and perfused
them with an extracellular recording solution lacking Mg2+, in the presence
of 10 mM CNQX and 100 mM picrotoxin. To assess concentration of cleft-
glutamate, we bath applied 250 mM L-APV in the same Mg2+-lacking
solution with 10 mM CNQX and 100 mM picrotoxin. Analysis was done using
ClampFit. Detailed procedures are provided in Supplemental Experimental
Procedures.
Statistics
p values were calculated using the Student’s t test. The numbers of cells/mice
analyzed were indicated in the figure.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
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